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Efficient and Semi-Transparent Perovskite Solar Cells Using a 
Room-Temperature Processed MoOx/ITO/Ag/ITO Electrode  
Zhengfei Wei*a, Benjamin Smitha, Francesca De Rossia, Justin Searlea, David A. Worsleya and Trystan 
M. Watson*a  
In order to achieve semi-transparency in perovskite solar cells, the electrode materials must be as transparent as possible. 
In this work, MoOx/ITO/Ag/ITO (MoOx/IAI)  thin films with high average transmittance of 79.90% between 400 nm and 900 
nm were introduced as the top transparent electrode to explore its influences on optoelectronic properties of the fabricated 
perovskite solar cells. MoOx has been demonstrated previously as protection from sputtering damage using a conventional 
ITO top electrode, however it is shown here to provide protection from a sputtered IAI film that provides superior 
transparency and conductivity and is deposited using more favourable low temperature processing conditions. MoOx and 
Ag were thermally evaporated and ITO was radio-frequency magnetron sputtered at room temperature. The resulting semi-
transparent solar cells showed power conversion efficiency of 12.85% (steady-state efficiency of 11.3%) along with a much-
reduced degradation rate as compared to the reference device with only a Ag top electrode. With such a combination of 
performance and transparency, this work shows great promise in application of perovskite solar cells into window glazing 
products for building integrated photovoltaic applications (BIPV), powering internet of things (IoT) and combining into 
tandem solar cells with industrially mature photovoltaic technologies such as silicon and copper indium gallium di-selenide 
(CIGS). 
Introduction 
The organic-inorganic lead halide perovskite solar cell is the fastest 
growing photovoltaic research area with certified efficiencies for 
small area devices reaching over 23% in the last few years.1 Tuneable 
bandgap, high absorption and long diffusion lengths make this 
material especially attractive for application as a semi-transparent 
solar cell.2 In order to extend its application into either single junction 
window products or into tandem devices with Silicon technology, a 
highly transparent and conductive top electrode is required. 
Previously, solution processed silver nanowires,3-5 carbon 
nanotubes,6 and PEDOT:PSS7 have been demonstrated, however 
these electrode options generally suffer poor long-term operational 
stability and demonstrate high efficiency that is difficult to 
reproduce. Laminated graphene8 or Ni-mesh9 top electrodes have 
been successfully demonstrated; however these devices are 
hindered by strong hysteresis or reproducibility issues. Vacuum 
sputtered transparent conductive oxides (TCO) such as  indium tin 
oxide (ITO)2, 10-13, hydrogenated indium oxide (In2O3:H)14 aluminium 
doped zinc oxide (AZO)15, indium zinc oxide (IZO)16, 17 and fully 
evaporated molybdenum oxide/gold/molybdenum oxide 
(MoOx/Au/MoOx)18 have been shown to fabricate high-
performance, relatively stable semi-transparent perovskite solar 
cells. A hole-selective layer (e.g. MoOx11, 13, 14, 16, 17) or an electron-
transport layer (e.g. tin oxide (SnO2)10, zinc oxide (ZnO)15, AZO2) is 
needed to effectively extract charges and often critically to alleviate 
the sputtering damage to the underlying organic or organic-inorganic 
layers. A more popular approach using an ultra-thin evaporated 
metal electrode provides high-efficiency but suffers from long-term 
stability issues due to moisture diffusion and gold (Au) diffusion at 
elevated temperature. 19 A Vacuum deposited oxide/metal/oxide, in 
particular IAI is shown here. It has been previously demonstrated as 
an electrode though as a bottom electrode directly coated onto 
flexible plastic substrates for light-emitting diodes20, organic solar 
cells21, 22 and other flexible electronics application23, 24. The effect on 
photovoltaic properties of applying MoOx/IAI as a top electrode on 
top of a perovskite solar cell device stack has not been explored. 
Compared to solution based electrodes, vacuum-based electrodes 
stand out due to their better transparency versus conductivity, good 
interfacial contact, homogenous coverage, beneficial room-
temperature or low-temperature processing conditions and  
environmental barrier to moisture and oxygen as well as to the 
egress of the methylammonium iodide.2, 14, 15, 25, 26 
Here we report efficient semi-transparent perovskite solar cells using 
a device stack consisting of glass/FTO/SnO2/CH3NH3PbI3/spiro-
OMeTAD/MoOx/IAI as shown in Figure (1a and 1b). Employing a fully 
RT processed, top transparent electrode (IAI) with high visible 
transparency versus conductivity and a polarity-selective sputtering 
buffer layer (MoOx), this combination enables us to fabricate 
efficient perovskite devices with much reduced material usage (total  
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Figure 1. (a) A photograph of a semi-transparent perovskite solar cell. (b) SEM cross-section of the fabricated device. (c) Transmittance of 
ITO-50 nm and IAI electrodes with different thickness of Ag interlayers in the range of 5-20 nm. (d) The corresponding sheet resistance of IAI 
electrodes with different thickness of Ag interlayers in the range of 5-20 nm.
thickness of MoOx/IAI is ~121 nm). The thickness-dependent MoOx 
was designed to cover the whole sample area and used here to 
alleviate the sputtering damage and prevent moisture ingress in 
combination with the subsequently deposited and patterned IAI 
electrodes. 2, 14 
Results and discussion 
Optical and electrical properties of IAI films 
To fabricate semi-transparent devices, IAI transparent 
electrodes are used here to replace the opaque silver (Ag) 
electrode. IAI has superior transmittance across the visible to 
near-infrared (NIR) regions, a filtering effect in the UV region 
and high conductivity as shown in the Figure 1c. The thickness 
of ITO was fixed at 50 nm for both top and bottom ITO layers to 
provide a uniform coverage across the whole substrate. The 
bottom ITO layer (prepared using low sputtering power to 
minimise damage) combined with the MoOx layer provides 
enough protection for the underlying layers from the 
subsequent sputtering damage that might be caused by the 
high energetic ion bombardment during sputtering of the top 
ITO layer (prepared using high sputtering power to maximise 
conductivity/transparency and compactness). The thickness of 
the intermediate Ag layers was varied between 5 nm and 20 nm. 
12 nm was found to exhibit best transparency versus 
conductivity, finest uniformity and highest average 
transmittance across the wavelength range from 500 nm to 
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1250 nm. Hence, all the devices made in this work use a 12 nm 
thick Ag interlayer in the middle of the IAI stack. Although the 
50 nm-thick ITO film exhibit high transmittance across the 
wavelength range from 300-1300 nm (Figure 1c), the sheet 
resistance of the room-temperature deposited 50 nm-thick ITO 
using low sputtering power to be used as the bottom layer was 
measured at 346±6.7 Ω/□ with high non-uniformity across the 
2.5 cm x 2.5 cm substrate area (Figure 1d). The high non-
uniformity of this layer stems from the growth conditions at low 
growth temperature, low sputtering power and low film 
thickness, which has been described using a structure zone 
diagram (SZD) previously.27 After coating Ag and the top high-
power ITO layers, resistance decreased significantly, 
furthermore a reduction in data spread suggest greater 
homogeneity, see Figure 1d. However, the transmittance in the 
wavelength of UV region (250-400 nm) and NIR (800-1300 nm) 
of IAI films are lower than 50 nm-ITO (Figure 1c), this is due to 
scattering of light by Ag islands and high surface roughness, 
consistent with previous reports.20, 21, 23 For the IAI electrodes 
with Ag layers with thickness above 10 nm, a much improved 
layer coverage is observed with sheet resistance all below 6.5 
Ω/□. A complete device (glass/FTO/SnO2/CH3NH3PbI3/spiro-
OMeTAD/MoOx/IAI) with ITO-Ag12nm-ITO top electrode shows 
a good NIR transmittance and low visible transmittance, this is 
shown alongside the influence of the MoOx films in Figure S1. It 
has been reported the transparency of perovskite solar cells can 
be further improved by varying the composition and thickness 
of MAPbI3-xBrx films.18  
 
 
Figure 2. Current density-voltage (J-V) curves of the best-performing 
perovskite solar cells with opaque Ag electrode (70-80 nm), 10 nm- 
and 25 nm-MoOx/opaque Ag electrodes and 10 nm- and 25 nm-
MoOx/IAI electrodes in reverse scan (1.2 V to -0.05V) with a step size 
of 20 mV and a scan velocity of 175 mVs-1, measured under standard 
test condition (25 °C, AM1.5G, 1000 Wm-2). The device was pre-light-
soaked for 78 s prior to measurements. The cell area was masked to 
be 0.09 cm2.  
Table 1. Photovoltaic parameters of the best performing perovskite 
solar cells with different top contact structures. 
 
Photovoltaic performance 
Figure 2 presents the photovoltaic performance of the best 
performing planar perovskite solar cell with the control opaque 
Ag electrode, the MoOx/Ag electrode and the transparent 
MoOx/IAI electrode measured under standard test conditions 
(25 °C AM 1.5G, 1000Wm-2), respectively. It is important to note 
that the light was illuminated through the FTO side for all 
devices fabricated in this work in order to avoid the high UV-
blue light absorption across the wavelength range from 350 nm 
to 450 nm.28, 29 The corresponding main photovoltaic 
parameters are summarised in Table 1. All the fabricated 
devices were unencapsulated and the measurements were 
done in ambient air with a relative humidity of 50% RH. The 
selection of Ag for the control device is designed to maintain the 
consistence and direct comparison with MoOx/Ag and IAI 
electrodes (the statistics of the device data of samples of MoOx 
with thicknesses of 10 nm, 25 nm and 50 nm are presented in 
supplementary information S1). By introducing 10 nm and 25 
nm MoOx, there is a drop in efficiency mainly due to the 
reduction of open-circuit voltage (VOC) and fill factor (FF) along 
with slightly boosted short-circuit current (JSC).  This could be 
attributed to the lower conduction band of MoOx as compared 
to Ag, which could lead to reduced hole extraction and 
increased recombination at the interface.30 Comparing to the 
device containing Ag only, the reduced efficiency of the devices 
with the transparent IAI electrode mainly stems from the 
pronounced loss on JSC and FF. For JSC, the higher sheet 
resistance of IAI compared to Ag would lead to the increase of 
series resistance (RS) and loss of JSC. The proportionally varied FF 
and shunt resistance (RSH) of the devices with IAI electrodes are 
significantly lower than the Ag only and MoOx/Ag devices, which 
would indicate a higher leakage current or a partially damaged 
junction for the MoOx/IAI based devices. It has been reported 
that under sputter ion irradiation, the underlying organic 
material surface becomes damaged and somewhat metallic-like 
and hence leads to a higher leakage current in the device.31, 32 
Despite a 10 nm or 25 nm MoOx barrier layer coating, some 
high-energy sputtering particles are still able to penetrate the 
weakly bonded MoOx (possibly due to non-uniformity of 
underlying layers) and damage the Sprio-OMeTAD and/or 
perovskite layers. As a consequence this leads to a high leakage 
current and reduction in RSH for the IAI based devices. A more 
pronounced hysteresis was also observed for the devices with 
the transparent IAI top electrode compared with the device 
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with Ag top electrode as shown in supplementary information 
Figure S2 and S3. This is possibly caused by the sputtering 
damage on the n-i-p junction by the high energy sputtered 
particles.2, 15  
Device stability  
The highest performing devices from each set were kept 
unencapsulated whilst being exposed to 1 sun illumination for 
several hours in a light soaking unit (Solaronix Solixon A20), at 
25 °C and ambient humidity, and measured every hour to assess 
their stability. The devices were held at open circuit between 
scans. All the devices were stored in the dark under standard 
lab conditions for 5 days before starting the stability 
measurement. Hence, the starting efficiencies of the chosen 
devices are slightly lower than the values reported in Table 1.  
In Figure 3, the control devices with Ag and MoOx/Ag electrodes 
(both 10 nm and 25 nm) have already started to degrade at the 
beginning of the test i.e. after 5 days of storage in the dark. Under 
illumination, the efficiencies of these opaque devices drop to below 
5% within 10 hours. After 20 hours, they have lost their efficiencies 
completely. Such a rapid degradation is attributed to reaction 
between Ag and iodine ions (I-) from the perovskite layer33 and fast 
oxygen diffusion into MAPI films to form photo-induced superoxide 
species.25, 26  
 
Figure 3. Stability data of the perovskite solar cell devices with the 
opaque electrode and the semi-transparent IAI electrode. All devices 
were not encapsulated and kept at open circuit under continuous 
simulated AM 1.5 illumination at ambient conditions (25°C, 50% RH) 
and measured every hour. The blank gap between 90 hours and 115 
hours is due to an accidental shutdown of the system: during this 
time the cells were kept under illumination and at open circuit but 
not measured. 
The device with 10 nm MoOx/IAI semi-transparent electrode shows 
a slower degradation rate and maintains its efficiency (>5%) for up to 
40 hours. Remarkably, the device with 25 nm MoOx/IAI top electrode 
presents an even slower degradation rate, keeping efficiency over 5% 
beyond 90 hours. A much reduced degradation rate for the device 
with 25 nm MoOx as compared to the one with 10 nm MoOx  is 
observed and this may be due to an increase in the distance required 
to travel by any Ag from the IAI layers or any halogen ions from 
perovskite diffusing through the bottom low power and likely 
amorphous ITO. These unwanted ion diffusions and their reactions 
lead to degradation of the fabricated devices. To be noted, the MoOx 
layer was coated covering the whole substrate area while IAI was 
only coated using a mask and resulting in eight rectangular stripes as 
shown in Figure 1a. Given the short lifetime reported for the 25nm 
MoOx layer without an IAI layer 25nm MoOx/Ag) there is clearly a 
combined effect on increasing lifetime derived from both a thicker 
MoOx layer and the presence of an ITO coating, despite previous 
reports of a thicker MoOx decreasing lifetime. 34 In order to illustrate 
the lifetime enhancement achieved by ITO, XRD analysis was carried 
out on films with and without ITO layer. Figure 4 shows XRD results 
on materials formed on both fresh and aged perovskite/spiro-
OMeTAD with and without 50 nm thick high-power ITO top layer. 
Following 8 days of exposure the perovskite/spiro-OMeTAD films 
without ITO show an additional peak at 28° and much reduced 
intensity of the peaks at 14.2° and 28.5° signifying degradation. 
These peaks are not present when ITO has been used as an overlayer. 
The similar variation on XRD spectra were reported in previous 
publications.26, 35 It should be noted that even though an ITO only 
layer provides appropriate lifetime enhancement it is not possible to 
fabricate efficient devices due to the sputtering damage on 
underlaying films including the spiro-OMeTAD. Further evidence on 
the protective effect of ITO can be found from colour change (RGB) 
analysis of films (Figure S4).    
The stability and XRD data show clearly that is a combination of MoOx 
and IAI that is responsible for a reduced degradation rate of the 
device.  The transparent IAI electrode serves as an environmental 
barrier for oxygen and moisture that channel into the device 
structure hence the stability of these semi-transparent perovskite 
solar cells has been improved significantly. The MoOx with optimised 
thickness of 25 nm enabled deposition of sputtered ITO layer with 
reduced under-film damage and serves as an effective barrier to 
reduce both the unwanted inwards diffusion of Ag from IAI layers 
outwards diffusion of halogen ions.  
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Figure 4. XRD data of perovskite/spiro-OMeTAD films with and 
without ITO coating before and after 8 days of illumination at 3580 
lux in the light box used for the time lapse photography and RGB 
analysis. The light spectrum and experimental set up could be found 
in a previous publication. 36 
Conclusions 
In conclusion, we have demonstrated a 12.85% efficiency semi-
transparent planar perovskite solar cell using the transparent 
MoOx/IAI based top electrode. MoOx is used here to allow the 
deposition of IAI directly on to the device stack providing increased 
conductivity and transparency. Furthermore, this electrode served as 
an effective environmental barrier to oxygen and moisture and 
hence it improved the stability of this type of device significantly. This 
work shows the promising prospect of integrating semi-transparent 
perovskite solar cells into future window applications and tandem 
devices.  
Experimental 
Top Electrode Preparation: The molybdenum oxide (MoOx, 
STREM, 99.95%) and silver (Ag, Kurt Leskar, 99.99%) films were 
thermally evaporated using a MBRAUN evaporator with 
evaporation rate of 0.5 Å s-1 and 0.25 Å s-1, respectively. The 
indium and tin oxide target (ITO target, Plasmaterial 99.99%) 
films were RF magnetron sputtered using a Moorfield Nanolab 
60 sputtering system at 0.37 Wcm-2 and 2.06 Wcm-2 for the 
bottom and top layers.  
Perovskite Solar Cell Fabrication 
Pilkington TEC15 TM (<15 Ωcm−2) glass was first gently scrubbed 
with a concentrated solution of Hellmanex® III (10% by volume) 
diluted in de-ionised water and rinsed with copious amounts of 
de-ionised water. Substrates were then submerged and 
sonicated in a 2 % by volume Hellmanex solution diluted in de-
ionised water (~18 mΩ) at 80 °C for 20 minutes. After this time, 
the substrates were removed and rinsed with more de-ionised 
water and placed into a bath of de-ionised water (only) and 
sonicated for a further 20 minutes at 80 °C to remove any 
residual surfactant.  After this the substrates were subsequently 
rinsed with copious amounts of de-ionised water, acetone, 
ethanol and isopropanol. The substrates were then blown dry 
with a nitrogen air knife and placed into an oxygen plasma 
cleaner for 15 minutes on full power to remove any residual 
carbon contaminants and make the surfaces more hydrophilic. 
Lastly samples were placed in UV-Ozone chamber for 15 
minutes to aid with improved wettability and film formation for 
the subsequent SnO2 layer.  Substrate preparation was carried 
out in a validated class 1000 clean room. 
SnO2 ETL layers were prepared by diluting (44592) Tin (IV) oxide, 
15% in H2O colloidal dispersion procured from Alfa Aesar 
further in de-ionised water to the ratio 1: 2.6 ml to give a final 
solution of 4.2 wt.%. These were then deposited via spin coating 
immediately after UV-Ozone treatment of the FTO was finished. 
We note that the increased wetting effects of UV-Ozone on FTO 
films lasts no longer than 10 minutes, we found it imperative 
that films were spin coated before this time limit elapsed.  150 
µl of the final ETL solution was spin coated onto a 28 mm by 28 
mm glass/ FTO substrate at 2000 rpm / 2000rpms-1 for 30 s, we 
noted improved surface coverage by depositing the solution 
dynamically at 25 s. The substrates were then placed on a 
hotplate at 110 °C for 10 minutes then a 5-minute ramp to 180 
°C for 1 hour to anneal the final films. We note that processing 
conditions in the laboratory are critical to good film formation, 
noting that a very dry room (<25 % RH) coupled with a nitrogen 
flowed Laurel (Model: WS-650Mz-23NPPB spin processor) spin 
coater contributed to rapid drying of the film, resulting in 
detrimental pin hole defects. Increased humidity of >30% RH 
and no nitrogen flowing in the spin coater resulted in more 
homogenous films. These conditions should be considered 
when trying to fabricate such a layer as the effects can be easily 
negated although are not obvious during manufacture. 
procedure was carried out in nitrogen filled glove-box.  
MAPI perovskite was prepared by dissolving 605 mg of Lead 
Iodide (PbI2) procured from TCI America and 199 mg of 
methylammonium iodide (MAI) procured from GreatCellSolar in 
1 ml of 4:1 ratio of Dimethylformamide: Dimethyl Sulfoxide. We 
noted that by dissolving the inorganic PbI2 at elevated 
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temperatures >150 °C resulted in better perovskite film 
formation with fewer pinholes as report in literature.1 The 
solution was then filtered using a 0.2 µm PTFE filter and 
deposited on top of the SnO2 via solution processed spin coating 
(125 µL, 4000 rpm/ 2000 rpms-1 for 30 s). During the spin 
coating process, 200 µL of ethyl acetate procured from Sigma 
Aldrich was deposited dynamically onto the spinning substrate 
22 s before the end the second spin programme. Once the spin 
coating procedure had finished the films were transferred to a 
hotplate and annealed at 100 °C for 1 hour. The entire 
perovskite procedure was carried out in nitrogen filled glove-
box. 
For the hole trans- porting material (HTM), a Spiro-OMeTAD 
solution (100 mg of Spiro-OMeTAD, 36 µL of 4-tert-
butylpyridine (tBP), 20 µL of a lithium-bis(tri-
fluoromethanesulfonyl)imide (Li- TFSI) solution (516 mg Li-TFSI 
in 1 mL acetonitrile) and 8 µL of a FK209 (300 mg  in 1 mL of 
acetonitrile) in 996 µL of chlorobenzene) was spin-coated 
dynamically at 4000 rpm, 4000 rpms-1 for 12 s on top of the 
annealed perovskite. Again, the preparation and deposition of 
the HTM was performed in a nitrogen filled glove-box. Finally, 
70-80 nm of Ag top electrode was thermally evaporated under 
high vacuum.  
Characterisation: The morphology of films was studied using a 
JEOL-JSM-7800F field emission scanning electron microscope (5 
kV acceleration voltage, a working distance of 10 mm and a 
magnification of x 50, 000). The transmittance of the IAI films 
were scanned suing a PerkinElmer Lambda 750 UV/VIS/NIR 
Spectrometer. The sheet resistance of the IAI films were 
measured using a Jandel RM3000 four-point probe station.  X-
ray diffraction data were collected on a D8 Discover (Bruker) X-
ray diffractometer operating at 40 kV and 40 mA. Scans were 
collected between 10 and 60 degree with a 0.02 degree step.  
For current-voltage measurements of solar celldevices were 
masked to 0.09 cm2 and tested under a class AAA solar 
simulator (Newport Oriel Sol3A) at AM1.5 and 100 mWcm-2 
illumination conditions calibrated against a KG5 filtered silicon 
reference cell (Newport Oriel 91150-KG5) using a Keithley 2400 
source meter. Current-voltage sweeps were performed from 
both VOC to JSC and vice versa at a rate of 0.1 Vs-1. For stabilized 
power output measurements, device bias was set to the 
maximum power point voltage determined by the J-V sweep 
and current monitored under 1000 Wm-2 illumination. 
Stability measurements were performed on unencapsulated devices 
kept at open circuit in a light soaking unit (Solaronix Solixon A20), at 
25 °C and ambient humidity, under 1 sun illumination: both reverse 
and forward scans, at 15mV/s scan rate, were carried at every hour. 
The time lapse photography and RGB analysis to assess the colour 
change of the different films and thus their degradation over time 
were carried out as in our previous work.36 
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